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ABSTRACT

On July 20, 1989, the Presiderrl of the United Stales announced a new direcvion for [he
U. S.Space program. The new Space Exploration Initiative (SEI) is intended M emplace a permanent
base on the Lunar surface and a manned ouIpost on the Mars surface by 2019, In order m achieve
this ambitious challenge, new, innovative and robusi technologies will have 10 be developed 10
support crew operations. Nuclear power and propulsion have been recognized as technologies that
are al least mission enhancing and, in some S.cerriifios, mission enisbling Because of the extreme
operiiting crrnd~tions present in a nuclear rocket core, accurate modeiing of the rocket wiIl require
cross section data seIs which do not curremly exist.

In order to srcessfully ischieve the goals of Ihe SE], misjor obsIaclcs inherent in long duralion
space travel will !ra~e to be overcome. One of lhese obstacles is the rtsdiution environment to which
the astronauts will be exposed. In general, an unshielded crew will be exposed to roughly one REM
per week in free space, For missions to Mars, [he [otal dose could exceed more than one-half the
total allobvcd Iife:lm; level. Shielding of the crew may be possible, but accurate assessments of
shield comjsosition and thlckncss are critical if shield masses are to bc kept at acceptable levels. In
addition, the entire ship desi~rr may be tilt: red by the differential neutron prodlwtion by heisvy ion~
(Galtictic Ccrsnli~ Riiys) irw II on ship strsmurcs. The components of [he radiation environment,
currcrrt modeling capability and envisioned experiments will be discussed.

1. INTRODUCTION

Since the termination of the Apollo program in Ihc early
1970’s, NASA ccntcrs, DOE Iatxmsmrics, ilnd universities
have continued to study the tcchrwlogicisl rcquircnwnls to
develop is lunar base or complctc u mitnrred mission [o Miirs,
On July 20, IWW, President Bush valithited such efforts hy
unnm.ncing I I \ a new direction for (IIC U.S. sp;uw ~rclgram,
The goals of the ncw Space Explorulion lnitial]vc were
declurcd to 1) est! blish sr perrmment base on the Lutliir
surfisce and 2) develop a manned out}x~st on Murs hy the
yenr 2019. The Prcsldcnt also ttiskcd the ncw Nitti(~nill
Space Council with formuhing the SEI plogram.

I%lluwin the ssrrnounccrnent, NASA cmnplcted a “90-
!!!I)i y ! tudy” [ I which ,iswkscd tcchtlologics nccdcd for u

Ma, $ Mission, in nddition, the N utionul Acstdemy ot
S,ri*~IL :s reviewed both the 90-I~ily Sttldy and s~~mc
ulternul ,ve technology oplitmh [31. 110111of IIwsc reviews
;~r(rdurcd u list of critical tecbmdogirs wbilh nccdcd furlhcr
dcvcto relent (0 support S’11 goals, Tw[~ I)( Ihc crillcill

1te~hnt) ogics idenliflcd hy these conmliltccs were udvam’cd
nuclrur pmiwlsion and protection ngssinstthe spat: rudiillion
cnvirnrrment. Rnth of these arcils will require iwlmwcmcnt
ttl Ihc nuclear datir buses thtu currently exiw.

11. SPA(.’R RADIATION 1’R(H’I+X:TION

A critirsl, m,~ment 01 S1;1 is a prior ktn~wlcdftc of Ihc
radiation fi:ld inside of complex gc(mwlrics, inchldillj! tlw
hunuIIl h{rdy, 111111havr hecll ex N)sell It) I,pII(c ruli;l[l(m.

i‘1’hIs knowidge could be obhsine( from ICSISof uL’lual spaL’c
t:. xlules at an accelcrat(w facility that sinnllnl~s SPUIIC
ru~liati(m, But, currently Ihcrc are no fnt’i!i!ic~ Illill tan
prfduce the dcshrd rfidinllon field und the V(IS( {f su<’h (Csts
.wld Irc prnhitrilivc, l’~lcref[wc, wslidatrd nrorlrls will play

inlpotlllllt r(dc in It e deslun of spucccra(t ami Illll!lilll
hnlnhd modules and in ~, [widlng nn nctwralr re wcscnmtitm

1of the rrsdinlit)ll Ileld inside tbcse gctmlelrits ‘1’wsc tmklc!s
will (’l\U(~llll~il\\a wide rnnge of nuclcill llhysil~ disi’iplinrf,
lt~m) nlm’lutn energy h) high energy aml rclillivistic hrnvy

ion physics. They will use state-of-she-an rcpresentutiwrs of
radiiltion interactions with a wide visricly of structuml iInd
biological matter, and experimental validation will he used in
every stage of the development m help esmblish corsfkfcncc
Icvels for the results, Tlrc intcrac[imr physics muN treiit c,y,
n, isnd H through, possibly, U ions tind pwtlclc cncrgics
from MeV 10 tens of GcV/amu, This rllul[idilllcrlsi[~l~;ll
pisrisrnelcr space is too large to presume that dat’i will he
oh[tiined on all pilrticlc t pcs uml energies.

f
IllStCil(\,

extensive usc will N made o the models to define Ihe cntit!;il
pisrarnctcrs for a wide range of mission sccnilrk~~ tha[
Include, for exam Ie, space stations, intcrplanctar-y travr-1,

Rund pem~ancnt t,u I[iltio[l of the mcxm SInd plune(s, ‘1’hcsc
purumeters will then bc used to guide the experimental
efforts for develo meru of the radiation transport c(de und

rthe rudirsbiologica rcspmrse data base,

There are two sources ol rudiuti[m Ihill arc mIIjI)r drivcr~
ir lhC S111 progriltn; lhCy nrc, (iillllcli~ (’(lSllll C Rildlil’li)ll
((l(’R) and Solur Encrgcllc l)ilrtlc+l~ (S1[1’) cvcms, A
cnlculatiorr nf the dose rcccivcd by iin asmmilut insldc of u
spw:ccmft for a (Iwcc.yeur missiml to Mars illu\tri\(c\ Ihc
ilnportarrcc of the G~R and SIH’ sources, I:or SUKII a
mission, the csslcuhttcd dose for just the CI(’R ctmlp~mcnt is
If high as -100 rem 141 which exceeds the rccomnwndc(l
three yeur tsccupMionul dose by a fmvor of 6,7, If an inlcnsc
SliP event should occur during the missilm, the ustr~maul
could mccivc II Iclhal dtme frtml sonic of lhc tmwc inirtl w
SIIP evcrih.

The ~I~R i~ u lcrsislunt stmr{’c (1( rudiiilittn lhNl
\ori~inates oulsidc III I IC solur syslcn~l I’lw inlcnslly of IIIC

(i( R varies try as much us n factor uf twt~ {w nltwr with the
clrvc It ycur solnr Cyclcl the maximum inlcllslty {W(IIIS
duting solar minimum. The (i[’R is c(In}p(MId [d IIm\ ftt)ttl
hydrt~gcn to urrsnlum Wll!i lilt nu)sl uhundant i(~tl being
hydr[lgcn III I:ig. I, spectra nrc shown f{lr clnsws t~f ifm~

Iwrlincnt t{) Si{l. Ions with 74> 2H nrc lrcwnl it} (hc (;(’]{,
1NII tlrb rclntive bi(dt~~it”ul imptmanrc s millinull, All I{m\

IIIIVC lnu~lily the wsmc energy uislrihuli{w wiih IIIC
tnnhillmnl in thr distrihuli{w lrn~”urring al alqwiIMIIIMlrly 4(N)
Ale\’/mInI, lIm CIICIkIIC* a~ hi~h IIA 1000 (;c V/mINI hiIvc



been measured, bu{ their relative inlerrsi[y is al least six
orders of magnitude Icss Ihan [he peak intensi[y. The high-
Z, high-energy (HZE) purricles in [he GCR are exlrcmely
Perrcqting and biologically destructive; for example, an iron
[on wItfr on energy ne~r the peak of [he disrrlbu[ion can
effcc~ively des~roy every cell in i(s palh in possing lhrough
Ihe human body. Even though ions wirh Z > 2 reprcsml
[ess [ban (WO perccn[ of [he GCR fluence, [hey can
connibule more durn 5(E% m Lhedose, Nuclear da~ on high-
Z projec[lle and tisrgel fragmelllalion pr~~esses Und

second~ panicle production and wlnspo~ are ne~ess~ry lo
develop the radiation (ransporr models, 10 build evtiluowd
darir libraries, and 10 validate [hc mmfels.
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I;IU. 1. Flux Versus Energy for (X’R ltm~ l>uring S~)l:lr..
MlnrnlL!ill [51 ‘-

I’he S111’events ure sptmr und C:III Iml l’{lr h~wrs lo
scvcritl d:lys. ‘Ihcsc evcnls nre UllprldiC’lilhlc trur mxuf rll(hl
f’rcqucn[ly during Solilr milximum. “1’heyc(msisl of nll)slly
pro[(lns rrnd ulphirs wi[h energic~ us hi~h us scvtr~tl
(icV/uruu, In };ig. 2, ul’L”ulnulalive ph)ls or prtmm lnlcnslly
urc shuwn for Ihree chaructcrls~ic~lly di(fcrctl[ S1;1’ CVCIIIS
‘1’he AugiIsI 1972 event, which wui Ihc nl(~h! in[cllw S111’
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event recorded prior [o rhe @tcsber 1989 cvenr, had a prom
fluence of abou[ 1010 pro[ons/cm~ and proton energies of
scvtrul hundred MeV, On [he o[hcr hiin(!, IhL’ SEI) evcrl( of
February 1956 had a pro[on I_’luenc’eof fibout on crrdcr o“
magnitude less, bu[ ii had protons wilh energies of sevcr;ll
GeV Shielding may he effeclive in pro(L-L’ling~rr dsrron:lul
from SEP everm, but now secondirry rfidijlion, r-mrinly high-
energy ncumons, becomes importi:nl.

Secondar), rtidiirtion cwcurs when WR or SE]) p:mi~lcs
penerraw [hick shields. This r~rjia[ion mirnifcs!s ilsc)f in lht
form of very high-energy neutrons and prn[orrs (hundreds of
MeV). Calcultitirms of [he differen[id pisr[icle JIUX for
paqicles M I(N) @m~ dcp[h in carbon dioxide resulrin: Irom
Incident GCR aI solar minilnum are shown in I:ig. 3
Similar specua ~re obt~ined for olher shieldi, ~g n~uwri~l.$
including lunar regolith. Nuclear d:ltir will bc requirccf for
Imisl, elus[ic, arvf inelus[ic neumm prWe\w3 for cncrglL,s up
![J wvcra[ hurrdrctl$ of MeV. F~lrlhcrnl~)rc, N) L’JIL’IIIIIIL’ ;I
dew, (n, z) cross sec[iorrs tvill lx rrq~lircd f~~r m:i[cli,lls
found in the humurr body.

Klnetlc ene, gy, MeV/amu

t’lg 3 Y’cilrly l)ifftW’(lllill I;lllx Vcrtuy Illwrgy for t’;lrliclcj
ill ]()() g/~rtl? lk[llh in (Iflx)rl l)l[)lltl(’ l((s\lllllll~
frvn] Irtcidcril (;(’R UI Sdw Mlnll]rulll 171

III Ibis scclion MC huve ignorc(l dlc Illil,)-il)iltlc r;r(ll;ltl,w
frOlll U nuL’]Cllr reISL’lllr, If U nUL’lCJr propU\SllJll ~~frl’111 l\
u~cd, lhcll Ihc Itllnl rh~se nlosl intludc Ihv cll”ccl) l’r~)rl}
llllt’lCIl\ ndiull[m “111(’nu(lc;lr (Iiltil Ilrl’(ls I(U kill(,Ulillillg IIlr
rlldiali[)n oulpul Iron) II nu~’lr~lr l)r~lllul~l~~ll SVSIC 11 iIIU
uddr’c~wd in lhc ft)ll~)wit)~: scctI~II\\

1[1, S01.11) (:OHK NII(:I, IIAR I’KOI’(JI, SION”
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reviewing all of the concepls, C)rre of lhe primary findings
of [he panels was ihiu NTP technologies for manned
missions could probably be developed earlier Ihun NEP
sysmms but [hat higher operming temperatures would be
required for the mksion,

Subsequem 10 ihese findings, bolh NASA and the
Department of Energy (DOE) hirve iniliisied a series of
rnce[ings 10 more completely erumirw Ihe reseamh needs in
ihcse areas. The more compltue effon is a joinlly
NASA/DOE sponsored group uf 6 Tusk Teisms 10 exirmine
nuclear propulsion from Ihe perspectives uf softly, mission
benefit, nuclear thermul propulsion (NTP) lcchrrrslogy,
Nuclear Elecwic Propulsion (NEP) wchnology. fuels isnd
materials, and lest facilities. The NTP panel examines uII
[ethnology needs including improvements in dtim bases
necessary for high [empcrislurc nucletir rc~cmr core
opcrutions,

‘f%e f/OvE~[;ft VA pr(,grw;l SULsLW!dLl! in Pcrfonning
22 different reisclor/engine ICSIS bclwccn 1955 isnd 1971,
The highcs[ power engine Ies[etl W;IS the Phuehus 2 w 4s()()
MW and a lhrusl of I.1 x lo~!U, The ho[msi futl
temperwure achieved during [hc ICSIS was 2550K which
corresponds to a specific impulse, Isp, (momerr[um
delivered per unil m:lss) of iIhouI H50S. BeciIuse of [he
space ruditi[ion she problcnl described in Seclion 11, Ilw
manned fli hi 10 Mars must be mtidc as quickly us possible

E10 reduce CR dose isnd powmial sldur t%re coincidcncc,
I:ur erwmple, in mdcr It) rcdu~c Ilw IIII;II round [rip w immnd
1 ycur, un Isp uf isruund 9S() IU Iof)(h musl hc ;Icllicvtxl ((or
u reusonahle mass of around 75(! I~ms in IJ)W I[imh orbi[).
(’onwqucnlly. pe:lk fuel opur:llill~ wmpcril[urrs of isnmnd
32(K)K would be required. ‘1.t~ll;llL., no inslilull,vl llil~ uvur
operir[cd a crilicul syslclll ill sluwly sl:llc clmdili(ms ill sut’11
Iemperislurcs,

During the ROVER pn~griml, conlpu[:uion;d rmxlcling
wus used hut with nwdcrwc WIWTSSdue 10 the c~mqdcxi[v of
the pr(~hlcm nnd Ihr, Ihrn i“urrcnl, compuwr c;lpahiiity.
Current ~’tmstruinls on lhc lcsling envinmmcnl isnd IIw
twdgc I environmerr~, howuvcr, will ncccssititw n nlIIch
s[rongcr dcpcndem’e on collll~tll;llit~ll:ll simul;llitln th,In
Iwf,wc, (lmwqucnllyl kcvcrisl lmprlwcmcn[s ill urtjss
.xecli{m scls ml compulcr uulc Irrmmunls will bc rt.quiru(l,

Alltwugh seveml dift’crcm rcililim ~’tmccpts II;IVC IWCII
pmfmscd, u generic gmmlctr-y rim hv envisioned Mwh tluu:

I ) the reucmr cure will hr n cylimlrit”d usscmbly LIN-
sisling prcJurnirruntly (i’nml Ihe nuummil”s view.
poim) uf ll(’X (x 2 1) wilh strew Y.r(’ inlcrmixcd
with hydrogen ~INd;IIII: illl(l

Ilccnuse of Ibis gc~mwl:y, In{l{lcr:llrd nculr[m~ wlli~ll ;IIC
rcflcctcd hii~.k fnml NW t)old rctlrL’[tlr wi II hc ill)~~’illlt”rt~tl hy
the Insuhmw and fuel mulcri:ll, ‘1’lw ups(”nllcrin~ kcrncli (II
rrhnninirc, beryllium, nml cnrhlm mml 10 hc rc .cxnmincd id
pruhnbly impnwml, A~twrillc cnlt’ulnti~m iIl Ihc IWIIII(NI
spwtrn will he ncccwnry shc III IIIC slron~ dcpvmltncc (~[ lhc
[ l~M fissitm crr~ss srcli{m Im nculnm rncrxv II CIWCCII27 ,IK
(@f =5771\) nnd .l.UloK (of =1201)) trtnlwtttlulri ‘1’hc
speclrol rtmlctlt t]f Ihc ntwlnm IIIIR will lICICIIIIIIIC IIIC rmllill
piwcr pnllilc in IIIC t’IIIr ;IIIII lhII\ cNgInr Iil’c 111111
Ircrf{mmmcc.

Because of Ihe need [o achieve much t,igher fuel
operaling Iempcriru.mes, new mismriids wi~h higher me![ing
poinls rue being considered as flow chimncl co~lings. Tht
IWO mcrs[ promising cwdidwcs are HfC and TdC which hisvc
melting poims of 412f)K und 4080K,” rrspec[ively. Ilese
malerials, however, also have significwu neutron absorption
cross sections. A review of the cross seclion dtita bisse
between .01 10 .3eV is needui. Furrhermoi-c, reactively
measurmms of such materials in crilictslity assemblies will
be necessary.

IV. ADVANCED PROPULSION CONCKPTS

As pm of the effml of [he Nuclear Thermul Propulsion
Task Tem~, one of Ihe authors (Iiowc) chtired a sub-panel
[0 evalua[e innovative propulsion conccpls. Ilr rn(l[ivillion
10 form such a panel was [o inves[igil[c ullcmwive nwlh(nls
of achieving much higher Isp’s (> NOf)s) in onfcr 10 reduce
Mars mission round trip limes to 1-2 rnomhs. l’hc gwds of
[he sub-panel were 10 I ) evafuate u viuie[y of conccpls on iI
“level technologicisl playing field”, 2) identify cri[ic:ll
research issues of circh wmccpt, and 3) itlcnlify pr(~t)f-1)[.
concepl experinwms for IJIC leading cmrcepls,

Bcrause of subsmuiul work perftmnud in Ilw 60’S iuld
7(~’\, Ihe gas cure nuclttir rockcl is Ihc Ic;ding ~o(mlwpI.
Although .severislvariirtions exist as m geonswry, I1OW I_wlds,
and fuel fmrns, all of [hc conccp[s cssrntiidly inv(dvc IIw
containment of a urinium gus ur pl~sm~)id surrounded by
hydro en coolanr/ rcipelltinl .

7!
Dc\ign chismbcr pressures

range rum I(N) 10. (N) mmosphcrcs, Uruniu In lcmpmuurcs
range from .UKH)K m ILK.

Neutronically, the upscuum prohlcm is cvcn more pro-
noursccd, Early ilndin !S intficute Ihirt Ihc m:lin fiksioll

kgcllL!r~ti(ln re iCSnIn SSSp CriL’iSl UriSnlUll) p]ilSlll(lld Will k il

{ f
s hcrical she 1 al sume rudius inside Ihc pltismoid rmliui,

his cffecl is caused hy [he ussunwd upw.filtering (If IhC
reflccIcd cold ncuwuns 1A mtiy hil~(t ii drimul[i(’ CIICIV ~m IIW
collrcpl fxrforrnunccl Cunscqucnlly, lhc upscollcr urtm~
sections for Be(J, F’,aml U need 10 be :It”iurmcl y dcmnnincd.

In addilimr, some of [he cunccpIs rely 011nwthunic.al
currtuirrmcru of [hc urimium fuel und on rwliillivc lwupling I(}
lbC pnlpellill)l Ihnmgh :1fu?cd \iliL’il Wlnihlw, ‘1’11(.tl~},l,,i[! of
Ihc wimfuw as u funclion of nculnm tluvm’c Ilil!i IItIl !(sI INX”II
Ih(sroughly invcsligu[cd,

The suh. puncl UISO c{msidcrcd st=vtrill ~vm(rlu~ for
hltlg.lcnl) pro~ulsioll syslctrm l~lr wdilr syslcm CXl~l(lrilll{ill,
Of these, fusl[m and antlmtitttr ulltlihil:lti(m rnnkrd thr
highes[. While Ihc fusiusl reuc[ion hus hccn well sludic~l, IUI
dnra cxisl for Ihc arrlipruturr unnihilwi[m cnl~s smviim+ hch~w
2MeV, cxccp[ for [hc totally sIoppcd, Ihcrmnl diII;I point,
Mnny uf the pnq}oscd unlipnmm sumrgc coIltcpIs mr
cnwcnsely dependcru on [hc nnnihilwitm vr~m srcII~In in Ihc
l(NkV 10 I(N)KcV regime. Ilelcrrninnll(m II( lhc~c CI(W,
setliuns will h necrss:uy It) pursue this pr~qwllsilm (Im~’clN

k’, S(INIMAI’ION

Thr PreddmII of Ihe (Iniwd SImrs hm it~ili;lw[l II IWW
spill’c innintivc whil’h will rrquirc KwhmIIII :i~’:d mlvm’c* in

1’srvcrt+l nresrs, Two of IIICSCumns, spare rn~mlItm prtm’litm
and advanrcd propulsi~m will rrquirc impnwcnwnls in Ihc
nul’lcnr dNIa I)Nw, At’~wrnlc kmnvlrd ~c of [Ilr sct,(jll{lilr~

Iprtsslutvs of rclnlivislit’ hcilvy i~m wd Ifum\ pr{hlu(cd hy
(hlln(vil’ (Immit’ RIlys will IN’ nrccwnty III lItIIlrLl Ihr tvrw ,



the elrcmonic controls, and to design the pkwement of [he
spaceship’s main components such as fuel [anks.
Determination of neutron upscalter cross sections and
ahsorpion cross seclions for specific maleriisls musl be made
in order to design advanced propulsion sys[ems such M
solid-tom or gas-core nuclear rockels. In addition, lhe
antiproton annihilation cross sec[ions below 2MeV are
unknown and will nerd 10 be measured 10 develop even
higher performance propulsion systems. Such syslem$ will
be necessary 10 reduce trip times 10 fdirnels for human crews,
If mankind is 10 explore the solur system, significant
extensions of our curreni nuclear reaclion dam base will be
absolutely essemial.
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